Objective: Critical organ shortages have resulted in ex vivo lung perfusion gaining clinical acceptance for lung evaluation and rehabilitation to expand the use of donation after circulatory death organs for lung transplantation. We hypothesized that an innovative use of airway pressure release ventilation during ex vivo lung perfusion improves lung function after transplantation.
See Editorial Commentary page 205.
Although the yearly number of lung transplants has increased more than 35-fold in the past 20 years and continues to increase, the number of organ donors has remained mostly static. 1 This donor shortage is exacerbated by the fact that, in general, only 15% of lungs from multiorgan donors are deemed suitable for transplantation. Thus, many patients die while waiting for a suitable donor, with wait-list mortality as high as 30% to 40%. 2 Despite all current strategies implemented to increase the availability of donor lungs, the majority of potential lungs are still rejected for transplantation.
Recently, a pioneering strategy using a ''lung box'' for ex vivo lung perfusion (EVLP) has demonstrated significant potential to address both the quantity and the quality of available organs. 3 The EVLP system was originally described by Steen and colleagues 4 and further modified by the Toronto group to the current ex vivo protocol using Steen solution. 5 This innovative method maintains the lungs in physiologically protective conditions outside the body during preservation and allows accurate evaluation of lung function, as well as providing a new setting for therapeutic treatment and repair of damaged donor lungs before transplantation.
Stock and colleagues 6 first described airway pressure release ventilation (APRV) in the 1980s. APRV is a pressure-directed mode of ventilation providing 2 levels of positive airway pressure, with the majority of time spent at the high level and a brief expiratory release at the lower pressure to facilitate ventilation. 7 This mode has many reported advantages over conventional ventilation, including alveolar recruitment, improved oxygenation, improved hemodynamics, and attenuation of barotrauma. [8] [9] [10] Many of these advantages can be translated into the EVLP model to improve atelectatic lung recruitment, reduce pulmonary edema, and ameliorate barotrauma.
As EVLP gains popularity, it is crucial to examine the ventilation protocol used in this system. A recent article by Terragni and colleagues 11 demonstrated that the current EVLP ventilator settings may expose the lungs to ventilator-induced lung injury. The original volume-based approach was based on the ARDSNet criteria for in vivo lungs confined by the chest wall. 3 The current study examines the use of APRV during EVLP to reduce barotrauma and prevent further lung injury. We hypothesized that this innovative use of APRV will improve atelectatic lung recruitment, reduce pulmonary edema, and attenuate barotrauma after lung transplantation.
MATERIALS AND METHODS Animals and Study Groups
The current study complies with the 1996 Guide for the Care and Use of Laboratory Animals as recommended by the US National Institutes of Health and was approved by the University of Virginia Animal Care and Use Committee. All animals received humane care during the duration of the study. Adolescent domestic swine of both sexes (24-39 kg) underwent hypoxic cardiac arrest. After 2 hours of no-touch warm ischemia, cold preservation flush with Perfadex (XVIVO Perfusion Inc, Englewood, Colo) was performed and the lungs were procured. The experimental group (n ¼ 4) received APRV during EVLP, which was compared with a group of historical controls (n ¼ 4) receiving conventional ventilation during EVLP.
Lung Injury and Procurement
After the 2-hour warm ischemia period, procurement of donation after cardiac death lungs was completed as previously described. 12 Animals were sedated and weighed, followed by induction of anesthesia and intubation. Donor animals were ventilated with 100% oxygen during the measurement of baseline values. Before crossclamping the endotracheal tube to induce hypoxic cardiac arrest, donor animals received intravenous heparin (200 U/kg; Hospira Inc, Lake Forest, Ill), and initial donor PaO 2 /FiO 2 ratio was obtained from a right carotid arterial blood gas sample. After crossclamp, it took a median of 18 minutes for the animals to die, and there was typically some respiratory effort during this period. Death was confirmed with continuous electrocardiogram monitoring; the animal underwent 2 hours of no-touch warm ischemia. During the final 5 minutes of the warm ischemia period, ventilation was resumed and the donor underwent standard cold preservation flush with Perfadex and bilateral lung procurement (Video 1).
A median sternotomy was performed, and a cardioplegia cannula (Terumo Heart Inc, Ann Arbor, Mich) was placed into the main pulmonary VIDEO artery (PA) for delivery of prostaglandin-E1 (500 mg, Pfizer Inc, New York, NY) followed by a cold Perfadex flush. The initial flush was 1.5 liters of Perfadex supplemented with 15,000 IU of heparin after ligating the superior and inferior vena cavae and venting the left atrial (LA) appendage. The trachea was crossclamped mid-inspiration to maintain partial inflation of the lungs, and the heart-lung bloc was explanted from the donor animal.
Ex Vivo Lung Perfusion
After back-table preparation, a yellow cannula (XVIVO Perfusion Inc) was tied in the main PA, a green cannula (XVIVO Perfusion Inc) was sewn to the LA cuff, and a 7-0 endotracheal tube was tied into the trachea. Before initiation of 4 hours of EVLP, an additional 500 mL of cold Perfadex was flushed retrograde through the LA cannula. The lung block with cannulas was then weighed before initiation of EVLP for baseline weight.
EVLP was initiated on a perfusion circuit as previously described. 13 The circuit was primed in the standard fashion with Steen Solution, cefazolin (500 mg, APP Pharmaceuticals, Schaumburg, Ill), methylprednisolone (500 mg, Pfizer Inc), and heparin (10,000 IU). The circuit was perfused according to the protocol described by the Toronto group with flow initiated (0.2 mL/min) and LA pressures maintained between 0 and 5 mm Hg. 3 The perfusate was gradually warmed to 37 over the first 30 minutes as flow was titrated up to 40% of estimated cardiac output (100 mL/kg donor body weight). A standard tri-gas mixture (86% nitrogen, 8% carbon dioxide, 6% oxygen) through an Affinity membrane (Medtronic Inc, Eden Prairie, Minn) was used to deoxygenate the perfusate. . P High was titrated to target tidal volume 6 mL/kg with max P High of 10 cm H 2 O for the first hour, 15 cm H 2 O for the second hour, and never more than 20 cm H 2 O for the last 2 hours. We opted to use the longer T Low with a slightly higher P High to prevent auto-PEEP, which could be a major issue in open lung ventilation without a chest wall. Perfusate samples from the PA inflow and LA outflow were collected every hour after a 15-minute challenge period with 1.0 FIO 2 to measure the partial pressure of oxygen (PaO 2 ). Airway pressures on conventional ventilation were measured hourly to calculate dynamic compliance.
After 4 hours of EVLP, the lungs were removed from the circuit and weighed for calculation of edema gain on EVLP. Subsequently, the lung block was flushed anterograde with 500 mL of cold Perfadex. The left lung was then split and prepared on the back-table for subsequent transplantation, and the right lung was taken for fresh tissue samples and histology. Just before transplantation, the left lung was weighed again for baseline weight before reperfusion.
Left Lung Transplant and Reperfusion
Recipient animals were anesthetized and ventilated with conventional ventilation in the same manner as the donor animals. After induction of anesthesia, a central line was placed in the internal jugular vein with a Swan-Ganz catheter and an arterial line in the carotid. The animals were all maintained on conventional ventilation (tidal volume 8 mL/kg, respiratory rate 12-16 breaths/min, PEEP 5 mm Hg) with isoflurane (3%) and 100% oxygen. A left lateral thoracotomy was then performed, and the animal received 5000 IU of heparin just before left pneumonectomy and left lung transplant (running sutures used for end-to-end bronchial anastomosis, end-to-end PA anastomosis, and LA cuff to recipient LA appendage) as described previously. 13 The median procedure time was 42 minutes (interquartile range, 38-44) (Video 1).
Post-transplant reperfusion of the left donor lung was maintained for 4 hours with conventional ventilation (tidal volume 8 mL/kg, respiratory rate 12-16 breaths/min, PEEP 5 mm Hg) and 100% oxygen. The left thoracotomy was left wide open with suspension from above to prevent chest wall restriction on the lung. Airway pressure measurements and carotid arterial blood gases were performed every hour during reperfusion. Superior and inferior pulmonary vein blood gas samples were obtained at 2 hours and 4 hours of reperfusion for left lung-specific PaO 2 /FIO 2 ratio. Hemodynamic goals were pH 7.35 to 7.45, base excess greater than À5, and mean arterial pressure greater than 55 mm Hg, which were maintained with the use of normal saline, epinephrine, and sodium bicarbonate as necessary. The donor lung was explanted after 4 hours of reperfusion and weighted for measurement of edema gain during reperfusion. The animal was then euthanized.
Cytokine Measurements
After 4 hours of EVLP, 3 fresh tissue samples were obtained (upper lobe, upper portion of the lower lobe, and lower portion of the lower lobe) from the right lung of the APRV group to establish a baseline for inflammatory markers. After 4 hours of post-transplant reperfusion, 3 tissue samples were taken from the transplanted lung (left) of both the APRV and control groups. The fresh tissue was flash-frozen in liquid nitrogen and stored at À80 C. After homogenization with a FastPrep-24 (MP Biomedicals, Santa Ana, Calif), the total protein concentration in the supernatant of each homogenized lung tissue sample was determined with a bicinchoninic acid protein assay (Pierce, Rockford, Ill). Multiplex enzyme-linked immunosorbent assay (EMD Millipore, Billerica, Mass) was used to measure the cytokine levels in the tissue supernatant (normalized to equal protein concentrations).
Histology
After obtaining fresh tissue samples, the airways of the lower lobe were filled with 10% buffered formalin. After overnight fixation in formalin, peripheral lung tissue samples (n ¼ 4/lung) were obtained, paraffinembedded, and sectioned. One slide from each sample was stained with hematoxylin-eosin, and 2 slides (1 from the upper most sample and 1 from the lower most sample) were used for immunohistochemistry evaluation of activated neutrophil infiltration.
A masked pathologist assessed the hematoxylin-eosin-stained slides for the presence of lung injury. Each slide was scored on a standard scale based on polymorphonuclear cells per 403 high-powered field, alveolar edema, and interstitial inflammation as previously described.
14 The grading scale is listed in Table 1 .
For neutrophil immunohistochemistry staining, mouse monoclonal antiporcine neutrophil antibody (MBA Biomedicals, Augst, Switzerland) was the primary antibody, and donkey antimouse immunoglobulin-G (Jackson ImmunoResearch Laboratories Inc, West Grove, Pa) was the secondary antibody. Standard protocol using an avidin-biotin complex followed by incubation with 3,3-diaminobenzidine tetrahydrochloride (Dako Inc, Carpinteria, Calif) to produce a brown precipitate and hematoxylin counterstain was used as previously described. 15 Microscopic photographs were taken at 403 magnification of each slide, and the number of neutrophils per high-powered field were counted by a blinded investigator.
Statistical Analysis
Student t test and Fisher exact test were used to determine statistical significance. Prism 7 (GraphPad Software Inc, La Jolla, Calif) was used to 
RESULTS

Lung Function and Edema
Lung-specific oxygenation over the course of the experiment is illustrated in Figure 1 (Figure 2, A) . Oxygenation improved over the 4 hours of EVLP in both groups. Likewise, there was no difference (all P>.05) in dynamic compliance during the 4 hours of EVLP, with both groups demonstrating a slight improvement (Figure 2, B) .
After left lung transplant, the left pulmonary vein gases in the group that received APRV during EVLP were superior at both 2 and 4 hours versus the group that received conventional ventilation on EVLP (Figure 3, A) . Dynamic compliance again was significantly improved at 2 and 4 hours of reperfusion in the group receiving APRV during EVLP (Figure 3, B) . Figure 3 , C demonstrates significantly less percent weight gain secondary to pulmonary edema during EVLP in the APRV group compared with the conventional ventilation group (36.9% AE 12.7% vs 73.9% AE 4.2%, P ¼ .03). However, there was no statistical difference in weight gain during reperfusion between the 2 groups (14.5% AE 6.5% vs 32.8% AE 22.7%, P ¼ .22).
Cytokine Expression
Biologically relevant proinflammatory cytokines were measured in lung tissue samples from right lung tissue after EVLP in group APRV and left lung tissue after reperfusion in the control group and APRV group (Figure 4 ). There was a higher expression of interleukin (IL)-6, IL-1b, and IL-4 in the postreperfusion tissues of both control and APRV versus the post-EVLP right lung tissue. In addition, IL-6 expression after transplantation was significantly reduced in the APRV group versus control (P ¼ .04). IL-12 expression, which was elevated after transplantation in the control group, was significantly reduced in the APRV group (P ¼ .04), similar to the IL-12 levels in the post-EVLP lungs.
Lung Injury Severity Score and Neutrophil Infiltration
Although the lung injury severity scores from 4 matched samples in each lung were lower after transplantation in the APRV group (4.5 AE 1.3 vs 5.9 AE 0.9, P ¼ .11), there was no statistical difference between the groups ( Figure 5 ). In addition, on immunohistochemistry staining for neutrophils of 2 matched samples per lung, the APRV group had significantly less neutrophil infiltration (fewer neutrophils per high-powered field: 74.2 AE 29.8 vs 111.7 AE 10.0, P ¼ .01) versus the control group ( Figure 6 ).
DISCUSSION
By using a clinically relevant porcine model of EVLP and left lung transplant after death after cardiac death donor (DCD) procurement, we demonstrated beneficial effects of APRV during EVLP on post-transplant lung performance. Lung-specific oxygenation, dynamic compliance, and pulmonary edema represent the most important clinical markers of early transplant function, which were all dramatically improved in the APRV group. In addition, the biochemical markers of inflammation, including IL-6 and IL-12, were significantly lower in the APRV group and closer to the baseline levels observed in post-EVLP lungs before reperfusion. Histologic assessment suggests lower injury severity scores and reduced neutrophil infiltration in the APRV group compared with the controls. PaO 2 /FIO 2 ratios as a measure of lung oxygenation capacity traditionally have been used as the most important FIGURE 3. Lung function and edema after transplantation. PaO 2 /FIO 2 ratios (A) and dynamic lung compliance (B) were significantly improved in the APRV group at both 2 and 4 hours of post-transplant reperfusion. C, Pulmonary edema, as a percent weight change after 4 hours of reperfusion, was significantly reduced in the APRV group during EVLP versus control, but there was no significant difference after post-transplant reperfusion. PaO 2 , Partial pressure of oxygen; FIO 2 , inspired oxygen fraction; APRV, airway pressure release ventilation; EVLP, ex vivo lung perfusion. predictor of successful lung transplantation; however, our group and others have demonstrated the importance of lung compliance. 3, 16 In the present study, both of these markers of lung function improved after reperfusion in the group receiving APRV during EVLP. The reduction in pulmonary edema during EVLP is likely the main cause of this difference. By keeping the alveoli continuously recruited with APRV during EVLP, the surface tension reduces fluid translocation. 10, 17 It is important to note that even after transplant and reperfusion with conventional ventilation, lungs undergoing APRV on EVLP did not have additional edema during the reperfusion period. These clinical parameters demonstrate that APRV recruitment on EVLP has post-transplant benefits and should be considered for translation into human studies.
The biochemical profile of these lungs after EVLP and subsequent transplant represents a complex interaction between donor lung ischemia-reperfusion injury with the initiation of EVLP and subsequent recipient cell activation and injury after transplant and reperfusion. IL-6 is part of the tumor necrosis factor-a-activated proinflammatory pathway that has been noted by several groups, including our own, to be a component of ischemia-reperfusion injury after lung transplant. 16, [18] [19] [20] [21] [22] However, Farivar and colleagues 23 demonstrated reduced endothelial disruption and neutrophil sequestration with recombinant IL-6 in a rat ischemia-reperfusion model of lung transplant highlighting the signal orchestration that can lead to both proinflammatory and anti-inflammatory effects of this cytokine. 23 In the present study, IL-6 levels are significantly higher in the transplanted lungs compared with post-EVLP lungs but lower in the APRV-treated group versus the control group after reperfusion. Although the tissue level expression of IL-6 is correlated with increased neutrophil counts, EVLP may wash out the intermediary tumor necrosis factor-a signal. IL-12 has been cited as a proinflammatory cytokine in the inflammosome pathway. 24, 25 Our group previously demonstrated a benefit from IL-12 deregulation through the adenosine 2B pathway in a DCD lung EVLP model (E.J. Charles et al, unpublished data, 2016). In the present study, IL-12 expression in the APRV group is similar to baseline post-EVLP levels and significantly less than in the control group after transplant.
Many opponents of APRV ventilation during EVLP argue that because of the absence of the chest wall, there is minimal recoil force and the lung is at high risk of barotrauma. Although this is certainly true, we found that by focusing on peak pressure (P High ), we were able to maintain a lower airway pressure with better lung recruitment in the APRV mode. To confirm that we were not causing further injury, we performed histologic assessment of the lung tissue to evaluate a standard lung injury severity score previously reported. 14, 18, 26 We demonstrate no statistical difference in lung injury scores, with a slight improvement in the APRV group compared with the controls. In addition, neutrophil activation and translocation are common phenomena after lung injury, 27 and we demonstrated reduced neutrophil infiltration in the APRV group by immunohistochemistry. These results refute the theory of increased lung injury and barotrauma with APRV during EVLP.
Study Limitations
The limitations of this study include the preclinical porcine model and inherent variability among farm-raised animals. The control group and APRV group experiments were both performed by the same team of surgeons over a 3-month time period, with the controls being used previously as a baseline in another study because of the high cost of Steen. The 2-hour period of donor warm ischemia before procurement resulted in significant lung injury that was adequately rehabilitated on EVLP (mean end PaO 2 /FIO 2 ratio >300) but likely would have been declined for human transplant. The EVLP protocol used in the NOVEL trial dictates a standard oxygen challenge with calculation of dynamic compliance using peak pressure, tidal volume, and PEEP in conventional mode. 3 For this reason, we used a conventional mode for 5 minutes every hour for measurement of compliance. During this time, there was a massive loss of recruitment and an increase in peak pressure above previous P High despite a tidal volume setting below the volumes previously achieved with APRV. Further studies will be needed to address this issue before translation into human studies so that a surrogate of compliance can be calculated using P High , PEEP, and corresponding tidal volume to alleviate the need for mode changes. Finally, imaging and bronchoscopy are used to aid in evaluation of the lungs during the perfusion period in the clinical setting; however, in our studies these modalities were not used.
CONCLUSIONS
A pressure-directed APRV ventilation strategy during EVLP improves the rehabilitation of severely injured DCD lungs. After transplantation, these lungs demonstrate superior lung specific oxygenation and dynamic compliance compared with lungs ventilated with standard conventional ventilation. This strategy, if implemented into current clinical EVLP protocols, could advance the field of DCD lung rehabilitation to expand the lung donor pool.
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